Abstract Recent studies have suggested that coronary endothehal cells produce and release mtnc oxide (NO), prostaglandm Ilr and epoxyetcosatrtenotc acids (EETs) These endothelmm-dertved vasodtlators play an important role m the control of coronary vascular tone However, the mechamsm by which these endothehum-denved vasodtlators cause relaxation of coronary arterial smooth muscle has yet to be determined Thts study characterized and compared the effects of NO, prostaglandm IZ, and 11,12-EET on the two mam types of potassmm channels m small bovine coronary arterial smooth muscle the large conductance Ca'+-activated K+ channels (Kc,) and 4-ammopyndme-sensttrve delayed rectifier K' channels (K& In cell-attached patches, nonoate, an NO donor, acttvated both Kca and Grf channels The open probabthty of both Kca and kr, channels increased lo-to 25fold when nonoate was added to the bath at concentrattons of 10m6 to 10m4 mol/L 11,12-EET (lo-' to 10m4 mol/L) also mcreased the activity of the Kc, channels m a concentratton-dependent manner, but it had no effect on the activrty of the Kdrl channels, even m the hrghest concentratton studied (lo-" mol/L) In contrast to the effect of 11,12-EET, rloprost, a prostaglandm IZ analogue ( 10m6 to lO-4 mom), produced a concentration-dependent increase m the acttvtty of I<drf channels without affectmg the Kca channels In conclusion, all three endothehumdertved vasoddators act to open potassmm channels, however, the channel types that they affect are different NO activates both Kca and Kdrf channels, Il,lZEET activates only the Kc.% channels, and prostaglandm I2 acttvates only the Kdrf channels (Hypertensron. 1997;29[part 2]:262-267.)
T he vascular endothelmm plays an important role m the regulatton of vascular tone, leukocyte function, and platelet aggregation l-3 One aspect of the complex regulatory activities of the vascular endothelmm 1s the productton of endothelmm-derived vasodilators, which act as mediators m the regulation of vascular tone. 1 Recent studies have indicated that PG12, NO, and EETs mediate endothelmm-dependent vasodilatton induced by various stimuli, such as bradykmm, acetylcholine, and shear stress Z-7 In this regard, PGIz and NO have been considered as endothelium-derived relaxation factors 132 8 and EET as an endothelmm-derived hyperpolarization factor 7 Since potassium channels m vascular smooth muscle are targets for the effect of many vasodtlators, tt remains to be determmed whether acttvation of K+ channels also mediates the effects of these endothelmm-derived vasodtlators. Although increases m CAMP and cGMP have been reported to be associated with the effect of PG12 and NO, respecttvely, K+ channels cannot be excluded as an important effector, since CAMPdependent and cGMP-dependent protein kmases activate K+ channels m vascular smooth muscle 9 Furthermore, PG12, NO, and EETs have been reported to hyperpolarlze vascular smooth muscle 3,7~o Therefore, we hypothesize that acttvation of K+ channels m coronary arterial muscle contributes to hyperpolartzatron and vasodrlatron induced Bovine hearts were obtained from a local slaughterhouse A branch of the coronary artery was cannulated and filled with 10 to 20 mL ice-cold 3% Evan's blue m 50 mmol/L phosphate buffer containing 0 9% sodium chloride, pH 7 4 (P&S), and 6% albumin The heart was dissected mto 2x3x1-cm preces and sliced mto 300~pm-thick tissue sections Small coronary arteries stained with Evan's blue were tdenttfied under a dtssectmg stereomtcroscope These arteries were mtcrodtssected, pooled, and stored m ice-cold PSS The dissected small coronary arteries were first incubated for 30 mmutes at 37°C with collagenase type II (340 U/mL) (Worthmgton), elastase (15 UlmL) (Worthington), dtthtothrettol (1 mg/mL), and soybean trypsm mhtbrtor (1 mg/mL) m HEPES buffer consrstmg of (mmol/L) NaCl 119, KC1 4 7, CaCl, 0 05, MgC& 1, glucose 5, and HEPES 10 (pH 7 4) The digested tissue was then agitated with a glass pipette to free the vascular smooth muscle cells, and the supernatant was collected The remammg tissue was further digested wrth fresh enzyme solutton, and the supematant was collected at S-minute Interval5 for an addmonal 15 minutes The supematants were pooled and dtluted 1 10 wtth HEPES buffer and stored at 4°C until used
Current Recordings
Single-channel K+ currents were recorded wtth the patchclamp technique as descrtbed by Ham111 et al 11 Cell-attached and inside-out configuratrons were used to identify the Kca and l&r channels Patch pipettes were made from borosthcate glass cap- lllarles pulled with a two-stage mlcroplpette puller (PC-87, Sutter) and heat-polished with a mtcroforge (MF-90, Narlshlge) The pipettes had tip resistances of 8 to 10 MR for single-channel recording when filled with 145 mmol/L KC1 solution Smooth muscle cells were placed m a I-mL perfusion chamber mounted on the stage of an Nikon inverted microscope After the tip of the pipette was positioned on a cell, a high-resistance seal (5 to 15 GR) was formed between the pipette tip and the cell membrane by apphcatlon of light suction The activity of the K+ channels m the membrane spanning the pipette tip was recorded These measurements represented the cell-attached mode Insldeout membrane patches were excised by hftmg the pipette membrane complex to the air-solution interface A patch-clamp amplifier (EPC-7, List Blologlcal Laboratories, Inc) was used for recording of single-channel currents The amplifier output signals were filtered at 1 kHz with an eight-pole Bessel filter (Frequency Devices Inc) Currents were dlgltlzed at a sampling rate of 3 kHz and stored on the hard disk of a computer (Gateway 486 DS66) for off-hne analysis Data acqmsitlon and analysis were performed with pClamp software (version 5 7 1, Axon Instruments) Average NPo m patches was determined from recordmgs of several minutes by the followmg equation 
Solutions
For single-channel recordings m the cell-attached mode, the bath solution contained (mmol/L) KC1 14.5, CaClz 1.8, MgCl* 1 1, glucose 10, and HEPES 5 (pH 7 4) and the pipette solution contamed (mmol/L) KC1 145, CaCl* 1.8, MgC12 1 1, and HEPES 5 (pH 7 4) For single-channel recorclmgs using the inside-out excised membrane patch, the bath solution contained (mmol/L) KC1 145, MgCl* 1 1, HEPES 10, EGTA 2, and 300 nmol/L lomzed calcium (pH 7 2) For determination of the sensltlvlty of the channels to cytosohc Cazf, the concentration of ionized calcmm m the bath solution was vaned from lo-' to 10m6 and then to 10m5 mol/L Calcmm concentration was estimated by a computer program'* and confirmed by measurement of the free calcium concentration m the solution using fura 2 (Molecular Probes Co) with a dual wavelength spectrofluorometer (Perkm-Elmer)
The pipette solution contained (mmol/L) KC1 145, CaClz 1 8, MgClz 1 1, and HEPES 10 (pH 7 4) All patch-clamp experiments were performed at room temperature (approximately 20°C) inside-out excised membrane patches Iberiotoxm was added to the pipette solution at a concentration of 100 nmol/L The effect of 4-ammopyndme, a specific mhlbltor of Kdrf, on smgle K+ channels was examined using inside-out excised membrane patches. 4-Ammopyndme (5 mmol/L) was added to the bath solution
Effect of Endothelium-Derived
Vasodilators on K+ Channel Activity
In cell-attached patches, we used symmetric KC1 (145 mmol/L) solutions to null the membrane potential of the single smooth muscle cell to near 0 mV A 3-minute control recording at a membrane potential of +40 mV was obtamed after a tight seal was established. Then, the bath solution was rapidly changed by flushing the perfusion chamber with 10 mL of the same solution containing nonoate (1, 10, and 100 pmol/L, n=8), 11,12-EET (0 01, 0 1, and 1 pmol/L, n=8), or lloprost (1, 10, and 100 ,umol/L; n=7), and a series of 3-minute recordings was made Statistics Data are presented as mean+SE, n mchcates the number of bovine hearts We examined the significance of the differences m mean values between and within multiple groups using ANOVA for repeated measures followed by Duncan's multiple range test We used Student's t test to evaluate the statlstlcal slgmficance of differences between two paired observations. Smgle-channel conductances were fit by least-squares linear regression A value of P< 05 was considered statistically significant Results Characterization of Kf Currents in Small Bovine Coronary Arteries KC channel activity was characterized using inside-out excised membrane patches exposed to symmetric KC1 solutions (145 mmol/L) to enhance single-channel conductances. Under these condltlons, two types of K+ channels, one with a high-amplitude current averaging 10 3kO.l pA and one with a low-amplitude current averaging 2.212 0.11 pA, were detected at membrane potential of +40 mV ( Fig 1A) . The current-voltage relationship for both channels was linear between -60 and +60 mV, and mean slope conductance was 256.325 and 49.123 pS, respectively, with a reversal potential of approximately 0 mV (Fig 1B) The activity of the 256.3-pS K+ channel was enhanced when the Ca2+ concentration on the Intracellular surface of the membrane was increased. At a cytosolic Ca2+ concentration of 10 -7 mol/L, the NPo of this K+ channel at a membrane potential of +40 mV was 0 0320.0012 When the cytosolic Ca2+ was increased to 1O-6 or lo-' mom, the NPo of this K+ channel was mcreased to 0.420 03 and 2.17?006, respectively. In contrast, the actlvlty of the 49.1-pS K+ channel was not altered by changes m cytosohc Ca'+ concentration. Admmlstratlon of lbenotoxm at a concentration of 100 nmol/L markedly reduced the activity of the 256 3-pS K+ channel but had no effect on the 49. i-pS KC channels (Fig 2) . In the presence of lberlotoxm (100 nmol/L), 4-ammopyndine (5 mmol/L) blocked the actlvltv of the 49.1-nS K+ channel. 4-Aminonvridme had Characterization of Kca and KdrP Channels in Small Bovine Coronary Arteries
To establish current-voltage relations of the KC channel, we exposed inside-out patches to symmetric KC1 (145 mmol/L) solutions and recorded single-channel currents while we varied membrane notentlal from -60 to +60 mV m 20-mV steus Bv changing thk concentration of ionized calcmm from lo-' t; 10" mol/L on the cytosohc side of inside-out patches, we exammed the sensltivlty of this Kca channel to intracellular calcium concentratlon The effect of lberlotoxm (RBI), a calcium-activated K+ channel mhibltor, on single K+ channels was examined using , L L.. the bath are presented m Fig 3A and 3B . Nonoate slgmfmantly increased the acttvity of the Kc, and Kdrf channels. Fig 3C and 3D show a concentratton-dependent increase m the activtty of both channels induced by nonoate. The NPo of the Kc, and Kdrf channels was increased lo-to 25 fold when nonoate was added to the bath at concentrations of 1 to 100 pmol/L. The effects of nonoate were blocked by 5 bmol/L oxyhemoglobin, which traps released NO (data not shown). Single-current amplitude of these channels was unaltered by nonoate even at the highest concentration studied.
Effect of 11,12-EET on Kca and KdrI Channel Activity
Representative recordings of angle-channel K+ currents recorded m the cell-attached mode before and after addition of 11,lZEET to the bath are presented in Fig 4A  and 4B 11 ,lZEET significantly increased the activity of the Kc, channels but did not alter the activrty of the brf channels. 11,lZEET at concentrations of 0.01, 0.1, and 1 pmol/L produced OS-to 15-fold increases in the NPo of the Kc, channel (Fig 4C) but had no effect on the NPo of the Kdrf channel (Fig 4D) In some cells, the NPo of the Grf channel was unaltered, even when the 11,12-EET concentration was increased to 10 PmoltL. Smgle-current amplitude of both channels was unaltered by 11,12-EET even at the highest concentration studied (100 ,umol/L)
Effect of Iloprost on Kc. and Kdrf Channel Activity
Representative recordings of single-channel K+ currents recorded in the cell-attached mode before and after addition of iloprost (100 pmol/L) to the bath are presented m Fig 5A and 5B In contrast to 11,12-EET, iloprost ngmficantly increased the activity of the brf channels, but that of the Kc, channels was unaltered. Iloprost at concentration of 1 to 100 pmol/L produced 3-to lo-fold increases in the NPo of the I(drf channel (Fig 5D) but had no effect on the NPo of the Kc, channels even at the highest concentration studied (Fig 5C) Single-current amplitude of both channels was unaltered by iloprost.
Discussion
PGIz was the first endothelmm-derived vasodilator discovered. 13 It is synthesized from arachidomc acid by cyclooxygenase. Recent studies have indicated that pulsatile pressure, shear stress, and a number of endogenous mediators and some drugs, such as acetylcholme, bradykmm, A23 187, and thrombm, stimulate the formation and release of PGIl from endothehal cells 1 In vitro experiments have demonstrated that PGI? increases the concentration of CAMP m vascular smooth muscle and hence produces vasodilationlJ4 However, PG12 has also been reported to hyperpolanze the membrane of vascular smooth muscle cells, and the hyperpolanzatlon of smooth muscle also contributes to vasodilatlon.g~iO The mechanism by which PGIz produces the hyperpolarization of vascular smooth muscle cells remains unknown. In the present study, we have found that iloprost, a stable PGIl analogue, selectively increased the activity of the I& channels, suggesting that activation of the Kdrf channels may contribute to the hyperpolarizatron of vascular smooth muscle induced by PGIz Since the Kdrf channels have been reported to play an important role m the maintenance of resting membrane potential and agonist response of vascular smooth muscle,93i5 activation of the Kdrr channels may be an important mechanism by which PGI, dilates coronary arteries It should be noted that PG12-or iloprost-induced hyperpolarization and relaxation of vascular smooth muscle has been reported to be blocked by mhibitors of ATP-sensitive K+ (KATP) channels m isolated mesenteric and carotid arteries 10 '6 This suggests that PG12 may relax vascular smooth muscle through KATp channel activation. However, these studies failed to characterize the effect of PG12 on single-channel current. In smooth muscle cells of coronary arteries, we have not found typmal KATp channels during smgle-channel recording However, previous studies indicate that the KATp channels have biophysical properties similar to those of the Kdrf channels m this vascular bed. "-19 NO mediates the biological activity of endothelmm-derived relaxing factor 20 A variety of endogenous mediators and physlological or pathological conditions, such as ace- tylcholme, bradykmm, A23 187, thrombm, hypoxia, and wall stress, produced endothehum-dependent vasodtlatlon through the release of NO l-3 NO dilates vessels and mcreases the cGMP content of smooth muscle Several reports failed to detect an effect of NO on membrane potential 21-23 suggestmg that NO does not mediate smooth muicle hyperpolarization caused by endothelmm-dependent vasodtlators Recently, several reports have argued against this view 24-26 Tare and coworkers% have demonstrated that the hyperpolarizatlon and relaxation evoked by acetylcholme were reduced by No-monomethyl+argt-nine, an mhibltor of NO synthase, mdrcatmg that NO derived from the endothehum also causes the hyperpolarizatton of vascular smooth muscle, which may also contribute to relaxation More recently, patch-clamp studies have shown that NO can activate the K* channels m vascular smooth muscle cells 26 Even m cell-free membrane patches from rabbit aortic smooth muscle cells, both exogenous and native NO can directly activate single &, channels through a mechanism that does not require cGMP 26 In the present study, we found that nonoate, an NO donor, also Increases the actlvtty of the K,-, channels m coronary arterial smooth muscle cells These results strongly support the view that NO can activate Kc* channels and thus hyperpolartze vascular smooth muscle However, our results indicated that NO 1s not spectfic to the Kc, channels but also activates the brf channels The mechanism by which NO activates both Kca and Grt channels remams unclear It is posstble that NO can nonspecifically mtrosylate the membrane proteins of vascular smooth muscle, which acttvates both K+ channels Thts hypothesis has yet to be tested It has been reported that the endothelmm-derived hyperpolarizmg factor activates only the Kc, channels*7*8, therefore, the finding that NO activates both channels also indicates that tt cannot represent endothehum-dertved hyperpolartzmg factor EETs are cytochrome P450 metabohtes of arachidomc acid 2q Recent studies m our laboratory have indicated that the EETs are synthesized by endothehal cells and released by agonists such as methacholme.30Jl EETs hyperpolanze and relax coronary arterial smooth muscle and hence are considered as an endothelmm-derived hyperpolartzatton factor 73 Patch-clamp studies have demonstrated that EETs mcrease the acttvny of the Kc. channels m cerebral, renal, and coronary artenal smooth muscle cells [33] [34] [35] However, tt IS unknown whether EETs also alter the acttvmes of other potassmm channels In the present study, we found that 11,lZEET had no effect on the activity of the Kdrf channels m coronary arterial smooth muscle but selectively acttvated the Kca channels This findmg further supports the view that EETs represent endothehum-derived hyperpolanzmg factors In summary, we compared the effects of three major endothelmm-derived vasodtlators, PG12, NO, and EETs, on the acttvny of the K' channels m coronary arterial smooth muscle The results indicate that these endothehum-dertved vasoddators all alter the actrvrty of the K' channels m coronary artertal smooth muscle. PGI, selecttvely activates the hrf channels, EETs selecttvely activate the Kc, channels, and NO alters the activity of both Ken and Kdrf channels Acttvatlon of K+ channels might contrtbute to the hyperpolarization and relaxation of vascular smooth muscle caused by these endothehum-derived vasodtlators
